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.^bducens  nucleus,  204, 207 
Acceleration.  See  Linear  acceleration  and 
Angular  acceleration 

Accessory  optic  system  (AOS),  156, 170,  180 
directional  selectivity  and  the  vestibular  sys¬ 
tem,  177 

common  geometrical  organization,  177 
neurons,  directional  selectivity,  171.  See 
also  Neurons,  accessory  optic  system 
spatial  coordinates,  156 
Alpha-gamnia  motoneuron  activity,  100, 101 
Angular  acceleration,  53 
Angular  eye  position,  not  the  integral  of  angu¬ 
lar  eye  velocity,  135 

Angular  locomotion,  gaze  compensation,  243 
Angular  velocity  vector,  129, 131, 133 
application  to  eye  movements  in  three 
dimensions,  139 
definition,  128 

Anterior  canal  related  neurons,  projection  to 
oculomotor  system,  209 
Antigravity  postural  mechanisms,  21 
AOS.  See  Accessory  optic  system 
Atlanto-occipital  joint 
in  guinea  pig  at  rest,  229 
range  of  motion  in  guinea  pig,  231, 232 
Axes  of  rotation  of  saccades,  1 28-1 39 
Axis 

null,  12, 14-19 
pitch,  21 
roll,  21 

X,  11, 12, 14, 15 

Y,  14, 15 

yaw,  dominance  for  velocity  storage,  89 

Z,  12, 14, 15 

Barbeque  spit  rotation,  7, 33 
Bender,  M.  B.,  bilateral  lesions  are  necessary 
to  produce  vertical  paralysis  of  gaze, 
152,241 
Bernstein,  N.,  21 1 

preferred  axes  for  motor  activity  coordinate 
multiarticular  systems,  228 
Bipedal  gait,  242 

Body  orientation,  three-dimensional  represen¬ 
tation,  93, 102 

Body  vertical,  relation  to  velocity  storage,  89 
Brachium  of  the  superior  colliculus  (BSC), 
180 

C^anal-based  coordinate  frame,  239,  240, 
242 


coordinate  system,  239, 245 
in  the  subcortical  visual  and  vestibular 
systems,  241 

implications  for  CNS  organization,  241, 
242 

Canal  geometry,  241 
Canal  plugging,  24-27 
neural  populations  activated  by  gravity,  23 
(Uble) 

Canals  on  each  side  are  approximately  planar 
and  orthogonal,  239 
Cat,  21-27,  216,  217 
decerebellate,  24 
decerebrate,  21-27, 203-213 
with  intact  labyrinths,  24 
horizontal  plane,  23 
neck  muscles,  216 

projections  of  LVST  and  MVST  axons, 
216-227 

quadripedal  stance,  27 
Cerebellar  nuclei,  47 
Cerebellum,  47, 48 

Cervical  collaterals  of  LVST  axons  projecting 
to  thoracic  or  lumbar  cord,  221 
Cervical  intemeurons,  23-27 
Cervical  vertebral  column 
articular  range  of  motion,  231, 232 
curvature  of  cervical  column  at  rest,  229 
degrees  of  freedom  of  articulations,  228- 
234 

extension  movements  take  place  at  Cl  to 
C5, 233 

flexion  movements  take  place  at  C5-Thl, 
233 

forward-backward  movements  in  the  cervi¬ 
cal  chain,  242 

geometry  determines  head  movement  from 
resting  posture,  228-238 
method  of  measuring  vertebral  orientations, 
232 

motoneurons  receiving  vestibular  afferents 
after  hemilabyrinthectomy,  236 
orientation  in  cat,  rabbit,  guinea  pig,  rat, 
230 

range  of  motion  in  guinea  pig,  230-234 
rotation  and  lateral  tilts,  242 
rotation  of  upper  cervical  vertebrae  after 
hemilabyrinthectomy,  234 
sigmoid  shape  as  a  shock  absorbing  system, 
230 

vertical  orientation  at  rest,  229 
Cineradiography  in  vertebrates  for  deter¬ 
mining  head  and  neck  posture,  228- 
238 
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Circularvection,  53,  199,  244.  See  also  Vec- 
tion 

Coding 

body  position  and  velocity  in  space,  244 
Donders,  for  position  rather  than  movement, 
124 

spatial,  of  reflexes,  23 
spatial  properties  of  neurons,  23 
Collaterals  of  LVST  axons,  morphology,  219 
Compensatory  eye  movements,  1 52,  1 54,  1 56, 
159 

geometry,  154-155 
Compensatory  neck  movements,  216 
Constant  of  proportionality,  hair  cells  and 
polarization  vector,  22 
Convergence 
multisensory,  7 

of  vertical  canal  activity  to  activate  vertical 
eye  muscles,  207-209 

of  vestibular  activity  to  produce  neck  muscle 
activation,  213 

Coordinate  axes  of  saccades,  fixed  in  the  head, 
130 

Coordinate  frame.  See  Canal-based  coordinate 
frame 

Coordinate  framework  for  eye  movements, 
240 

Coordinate  systems,  140, 141 
canal,  52 

cyclopian  sensor,  52, 53 
eye  muscles,  10,  11,  152.  See  also  Eye 
muscles 

Pick,  Helmholtz,  and  Listing  coordinates  for 
eye  position,  140 
head,  52, 82-84 
labyrinthine,  152 
natural,  149 
otolith,  52 

quaternion  angular  velocity  vectors,  1 29 
semicircular  canal-based,  10, 1 1, 239, 242 
three-dimensional,  21 
Coriolis  cross-coupling,  93, 95, 99 
Coriolis  force,  101 
Cortical  vestibular  area,  187, 190 
Cosine  functions,  22,  23, 32 
to  estimate  response  strength  of  eye  muscle 
responses  to  VOR,  205-208 
Counterrolling 
dynamic,  115-117, 123 
contribution  of  the  semicircular  canals, 
116, 117 

contribution  of  vision,  1 16, 1 17 
visual  orientation  during,  123 
static,  1 14 

Craniotopic  eye  velocity,  subtractive  model 
cannot  predict,  1 39 

Cross-coupling  of  optokinetic  after-nystag¬ 
mus,  74-92 
definition,  74 


horizontal  to  roll,  77-80, 243 
horizontal  to  vertical,  77-83,  243 
principle  of  organization,  80-86 
relation  to  gravity,  86-90 
Cutaneous  receptors,  type  I  &  II,  54 
Cyclopian  system,  52, 53 
Cyclorotational  instability,  107, 108 
Cyclotorsional  limits,  leash  effect,  122 
Cyclovergence,  124 

Directional  selectivity.  See  Neuron,  direc¬ 
tional  selectivity 

Directional  specificity  in  the  retina,  240 
Donders,  F.  C.,  105, 106 
coding  for  position  rather  than  movement, 
124 

direction-dependent  violations  during  tor¬ 
sional  pursuit,  113, 114 
laws  of  ocular  kinematics,  105 
validity,  114, 124, 125 
violation  of  laws  in  dynamic  torsion,  111- 
114 

Dorsal  terminal  nucleus  of  the  accessory  optic 
tract  (DTN),  170, 180 
horizontal  movement  selectivity,  170 
input-output  connections,  170 
Downward  gaze,  neck  contribution,  233 
DTN.  See  Dorsal  terminal  nucleus  of  the 
accessory  optic  tract 
Dumping  velocity  storage,  46, 96, 98 

£iarth-horizontal  axis.  See  Rotation 
Earth-vertical  axis.  See  Rotation 
Earth-vertical  plane,  21 
Eigenvector  of  OKAN,  88 
Eighth  nerve.  See  Vestibular  nerve 
Elasmobranchs,  239 
Electromyogram,  24 

Electromyographic  activity  of  eye  muscles 
during  VOR,  203, 204,  213 
Electro-oculography  (EOG),  1 1, 94 
Endolymph,  streamline  flow,  17, 18 
Engerer  Blickraum,  5 
EOG.  See  Electro-oculography 
Evolution  of  semicircular  canals,  161,  162, 
166 

Ewald,  1.  R.,  1,  3 

Excitation  vector,  35.  See  also  Vector 
Extraocular  muscles,  141,  203-206 
alignment  with  semicircular  canal  planes, 
152 

muscle  systems,  166 

organization  in  various  species,  163-166 
pulling  planes,  154-156 
response  vectors,  207 
Extraocular  motoneurons 
on-directions,  152 

organization  in  various  species,  163-165 
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Eye-head  coordination,  1S6 
Eye-head  coupling  in  rabbit,  cat,  and  monkey, 
228 

Eye  movement  recording  techniques 
electro-oculography  (EOG),  1 1 
interaction  with  blinks,  108 
orthogonal  search  coils,  76, 129,  142 
scleral  search  coil,  for  three-dimensional 
ocular  recording,  106, 107 
Eye  movements,  eye-head  coupling  in  rabbit, 
cat,  and  monkey,  228 

Eye  muscles,  241.  See  also  Extraocular  mus¬ 
cles 

coordinates,  3,  S,  6, 10, 1 1 
geometry  of,  10, 155 
pulling  directions,  1,  5 
and  semicircular  canal  planes,  10,  11.  See 
also  Semicircular  canals 
Eye  position  quaternion,  130, 135 
angular  velocity  vector  and,  138 
Eye  velocity  integrator,  185.  See  also  Velocity 
storage,  integrator 

Eye  velocity  vector  for  visually  elicited  sac- 
cades  with  the  head  fixed,  128 
Eye  velocity  vectors,  1 34 


Fick,  A.,  5,6 
Pick  angles,  141 
Fick  coordinates,  106, 138 
ocular  torsion,  109 
Fixation 

drift  in  primary  position  in  three  dimen¬ 
sions,  107, 108 

ocular  torsion  in  tertiary  positions,  109 
Flight 
orbital,  93 
parabolic,  93-98 
Flocculus,  156 
Rourens,  M.,  1 
Fore-aft  accelerations,  243 
Free  fall,  93 
Frontal  eye  fields,  152 
Functional  polarization  vector,  22 

Cjaze 

compensation  during  angular  locomotion, 
243 

downward,  neck  contribution,  233 
in  moving  subject,  244 
nystagmus,  108 

stability  in  three  dimensions,  118-121, 120 
stabilization,  244 

three-dimensional  organization  in  humans, 
105-127 

Geometrical  features  and  constraints  of  vesti- 
bulocollic  reflex,  236 


Geometrical  organization 
of  medial  terminal  nucleus  and  semicircular 
canals,  177 

of  retinal  ganglion  cells,  AOS,  and  semicir¬ 
cular  canals,  177 
Geometry 

of  compensatory  eye  movements,  154-155 
of  eye  muscles,  10, 155 
of  semicircular  canals,  1,  5,  10,  154,  155, 
239, 241 

skeletal,  including  use  of  cineradiography 
for  measurement  of  posture,  228-238 
of  vestibulo-ocular  interactions,  204,  207- 
209 

Gravitational  environment,  239, 245 
Gravitational  field,  21, 33 
effects  on  scalloping  illusory  movement  of 
arm  and  body,  99-101 
Gravitoinertial  force,  53 
Gravity,  2, 21, 31, 32, 33, 35, 243 
effects  on  OKN,  OKAN,  74-90 
Gray,  A.  A.,  1 
Guinea  pig 

atlanto-occipital  joint,  229, 231, 232 
method  of  measuring  vertebral  orientations, 
232 

posture  after  hemilabyrinthectomy,  234- 
236 

range  of  motion  of  cervical  articulations, 
230-234 

resting  posture,  229 
Gyroscopic  mechanism  and  OKAN,  90 


Hair  cells,  22 

Head  and  body  movement  in  three-dimen¬ 
sional  space,  239,  240,  242 
Head  coordinates,  52, 82-^4 
Head-fixed  reference  frame,  1 1 
Head-fixed  saccades,  axes  of  rotation,  128 
Head  movements 

posture  underlying  eye-head  coordination, 
228-237 

relationship  between  eye  and  head  move¬ 
ments,  228 

rotation  axis  is  colinear  to  gravity,  230 
tilt  in  frontal  plane,  vertebral  contribution, 
233 

vertebral  contributions,  233 
Head  position  and  head  velocity  on  the  body, 
244 

Head  rotation  axes,  209, 210 
Head  tilt,  21,  22 
horizontal  component,  119 
stimulus  vector,  22 
Head  velocity,  47 
estimator,  45, 47 

information  in  three  dimensions,  241 
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Helmholtz,  H.  v.,  S.  6, 141 
on  Listing’s  Law,  125 
prediction  of  saccade  axes,  138 
Hemilabyrinthectomy 
leg  displacement  in  guinea  pig,  235 
postural  changes  in  guinea  pig,  234-236 
radiograph,  235 
Hering,  E.,  5 

Horizontal  eye  movement  pathways,  163-165 
Horizontal  movement  selectivity,  neurons  in 
DTN,  170 

Horizontal  saccades  of  humans,  128, 132 
Horseradish  peroxidase  (HRP),  190 
intra-axonal,  149 

staining  of  LVST  and  MVST  neurons,  216- 
227 

Human  vestibular  time  constant,  98 

Illusion 

after-rotation,  97, 98 
Aubert,  67 
elevator,  67 
Muller,  67 
oculogyral,  61 

scalloping  movement  of  arm  and  body, 
effects  of  gravity,  99-102 
tilt,  63, 67 

Inferior  olive,  156,  170,  171,  177,  180,  181, 
240 

dorsal  cap  input  from  NOT  and  DTN,  180 
dorsal  cap  neurons 

receptor  field  organization,  170, 171 
relation  to  VTRZ  neurons,  176 
input  from  accessory  optic  system,  170 
input  from  NOT  and  DTN,  180, 181 
ventrolateral  outgrowth,  input  from  VTRZ, 
170 

Intemeurons 

spinal,  roll,  and  pitch  response,  24-27 
vector  coding  properties,  25-27 
Intra-axonal  horseradish  peroxidase,  149 
Isoburst  scatter  diagram,  145 

J  erk  vector,  29 

Kalman  filter,  54,  56,  58-61,  63,  65-68, 
72-73 

Kalman  gain,  55, 56 
Kinocilium,  22 

Labyrinths,  166 
casts,  1, 4 

comparative  morphology,  161 
intact,  neural  populations  stimulated  by 
gravity,  23 


phylogenetic  aspects  of  development,  161- 
163 

rhesus  monkey,  4 
stereoscopic  photographs,  2 
three-dimensional  movement  detection  de¬ 
vice,  154, 155, 166 

Laminae  of  Rexed.  See  Rexed’s  laminae 
LA-RP  plane.  See  Semicircular  canals,  left 
anterior-right  posterior  plane 
Lateral  rectus,  activation  by  rotation,  206 
Lateral  terminal  nucleus  (LTN),  177 
vertical  movement  selectivity,  177 
Lateral  vestibular  nucleus  (LVN),  217 
monosynaptic  excitation  of  quadriceps  and 
gastrocnemius  motoneurons  by  LVN 
stimulation,  223 

Lateral  vestibulospinal  tract  (LVST),  216- 
227 

axons  exerting  monosynaptic  effects  on  neck 
and  back  motoneurons,  223 
axons  of  the  lateral  type,  221, 222 
influence  forelimb  and  hindlimb  muscles, 
226 

synaptic  contacts  on  axial  motoneurons, 
223 

terminal  boutons,  222 
axons  of  the  medial  type,  219, 220 
control  different  axial  muscles,  particu¬ 
larly  Mm  dorsi  proprii,  226 
morphology  of  axon  collaterals,  218, 219 
synaptic  contacts  with  motoneurons  in 
ventromedial  nucleus  in  lamina  VIII, 
226 

terminal  boutons,  222 

axon  terminations  on  distal  dendrites,  220, 
221 

axosomatic  and  axodendritic  contacts,  221 
branching  patterns  of  LVST  axons  in  the 
lower  cervical  cord,  219,  220 
cervical  collaterals  of  LVST  axons,  221 
comparison  of  intraspinal  branching  pat¬ 
terns  of  MVST  and  LVST  axons, 
223 

distribution  of  terminal  boutons,  221 
morphology  of  single  LVST  axons,  217 
multiple  collaterals  from  single  LVST 
axons,  226 

Leash  effect,  ocular  torsion,  forced  cycloduc- 
tion,  122 

Leg  displacement  in  guinea  pig  after  hemi¬ 
labyrinthectomy,  235 

Limb 

motoneurons,  25 
reflexes,  25 

Linear  acceleration,  21,  23,  31,  53 
bias  of  lateral  (roll)  over  fore-aft  in  vestibu¬ 
lospinal  neurons,  24-27,  243 
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fore-aft,  27. 243 
lateral,  27, 243 
Linear  accelerometers,  S3 
Linear  estimator,  54 

Linearvection,  53,  64,  66,  244.  See  also  Vec- 
tion 

Listing,  J.  B.,  5, 141 
Pick  and  Helmholtz,  240 
Listing’s  Law  of  ocular  kinematics,  105,  129, 
131,  132,  135,  138,  139 
definition,  128 
in  terms  of  quaternions,  129 
Listing’s  Law  box,  125 
possible  functional  advantages,  125 
predictions  in  dynamic  conditions,  1 1 1-1 14 
torsion  a  function  of  horizontal  and  vertical 
eye  position,  241 
validity 

during  ocular  pursuit,  114 
during  static  fixation,  109-1 1 1, 125 
Listing’s  plane,  129, 130, 131,  132, 133, 138 
definition,  128, 129 
LTN.  See  Lateral  terminal  nucleus 
LVN.  See  Lateral  vestibular  nucleus 
LVST.  See  Lateral  vestibulospinal  tract 

IVIach,  E.,  1 

Macula,  29, 30, 31,  32,  33, 43, 48 
Man,  three-dimensional  coordinate  system, 
21,93-103 
Matrix,  37,  38, 68-71 
nonlinear  operator,  75 
Pellionisz,  A.,  development  of  tensorial  neck 
muscle  model  system,  21 1-212 
Ricatti  equation,  72 

Robinson,  matrix  model  of  VOR,  51,211 
rotation,  140 

Medial  longitudinal  fasciculus  (MLF),  217 
Medial  superior  temporal  gyrus  (MST),  200, 
240 

Medial  temporal  gyrus  (MT),  200,  240 
Medial  terminal  nucleus  (MTT'l),  170-177 
bipartite  neurons,  174 
characteristics  of  neurons,  170-177 
difference  between  MTN  and  DTN  neu¬ 
rons,  177 

noncolinear  direction  selectivity,  172 
preferred  directions  of  neurons,  173-176 
and  semicircular  canals,  common  geomet¬ 
rical  organization,  177 
uniform  receptive  fields  of  neurons,  173 
vertical  movement  selectivity,  177 
visual  receptive  stimulation,  171 
Medial  vestibulospinal  tract  (MVST),  217, 
223-227 

axonal  projections  to  neck  motoneurons, 
225 


comparison  of  intraspinal  branching  pat¬ 
terns  of  MVST  and  LVST  axons, 
223 

control  multiple  muscles  concurrently,  225 
convergent  inputs  from  different  semicircu¬ 
lar  canals,  216 

crossing  of  stem  axons  near  the  vestibular 
nuclei,  223 

mediate  semicircular  canal-induced  head 
movements,  226 

morphology  of  single  axons  in  the  upper 
cervical  cord,  223-226 
multiple  axon  collaterals,  226 
projections  to  motor  nuclei  in  the  upper 
cervical  cord,  223, 226 
reconstruction  of  uncrossed  MVST  axons  in 
upper  cervical  cord,  223,  224 
semicircular  canal  input,  divergence,  226 
single  MVST  axons  in  the  upper  cervical 
cord,  223 

uncrossed  axon  in  upper  cervical  cord,  224 
Methods,  scleral  search  coil,  for  three  dimen¬ 
sional  ocular  recording,  106, 107 
interaction  with  blinks,  108 
Microgravity,  244 
and  hypergravity,  243 
MLF.  See  Medial  longitudinal  fasciculus 
Model 

afferent  information,  32 
central  processor,  54-59 
comparison  of  multiplicative  quaternion  and 
subtractive  models,  13^138 
controller  task  performance,  52 
degrees  of  freedom,  52 
head-neck  proprioception,  55 
human  spatial  orientation,  51-73 
human  vestibular  system  dynamics,  52 
Kalman  filter,  54,  56,  58-61,  63,  65-68, 
72-73 

Kleinman,  Baron,  and  Levison,  52 
linear  estimator,  55 

man-in-the-loop  manual  control  tasks,  52 
multiplicative  model  of  eye  velocity,  138 
multisensory  perception,  55,  56 
nonlinear  additions  to  Kalman  filter,  65-67 
off-vertical  axis  rotation  (OVAR),  29 
simulation,  30, 40, 43, 46, 47, 48 
one-dimensional,  optokinetic,  and  vestibulo- 
ocular  reflexes,  74, 75 
optimal  control,  51-73, 244 
orientation  perception,  51 
Ormsby  and  Young,  51,  52 
OVAR.  See  Off-vertical  axis  rotation 
otolith,  53 
predictions 

of  neck  muscle  activation  by  tensorial 
model,  210-212 
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Model  (continued) 

of  quaternion  and  other  saccadic  models, 
135-138 

quaternion  model  of  the  saccadic  system, 
128, 135, 138 

Raphan,  Cohen,  and  Matsuo,  51, 52 
Robinson 

one-dimensional  model  of  saccades,  134, 
135 

optokinetic,  51,  52 
rotational  motion,  51 
saccadic  system,  134-138 
semicircular  canal,  53, 71 
subtractive  feedback  model  of  saccadic  sys¬ 
tem,  128, 134-138 
in  Pick  coordinates,  1 38 
in  Helmholtz  coordinates,  1 38 
quaternion  model,  134, 139 
one-dimensional,  134 
three-dimensional,  134 
tactile,  54 

three-dimensional,  optokinetic  and  vestibu- 
lo-ocular  reflexes,  75 
time  response,  Kalman  filter,  59-65 
velocity  storage,  75 
vestibular,  53, 57, 58, 64, 66 
visual-vestibular  interaction,  55-62, 75 
visual  input  to  velocity  storage,  75 
Zacharias  and  Young,  51, 52 
Monkeys,  48,  74, 180, 181, 185 
cynomolgus,  {Java,  Macaca  fascicularis), 
76, 187-202 

rhesus,  4, 74, 76,  141-143, 149 
semicircular  canal  planes,  10-19.  See 
also  Semicircular  canals 
squirrel  {Saimiri  sciureus),  22, 187-202 
vestibular  cortex,  187-202 
vestibular  time  constant,  98 
Moore- Penrose  pseudoinverse,  21 1, 212 
Motion  sickness,  51, 67, 89 
absence  in  Spacelab  M-131  experiment,  93, 
95, 99 

space  motion  sickness,  93, 99 
Motoneuron,  142, 143, 217 
axial  muscles,  223 
neck  muscles,  216, 226 
convergent  input  from  different  semicir¬ 
cular  canals,  216 

organization  of  extraocular  motoneurons  in 
various  species,  163-165 
ventromedial  nucleus,  223 
See  also  Extraocular  motoneurons 
Motor  error  signal,  138 
three  degrees  of  freedom,  139 
MST.  See  Medial  superior  temporal  gyrus 
MT.  See  Medial  temporal  gyrus 
MTN.  See  Medial  terminal  nucleus 


Multimodal  integration  cortex,  198.  See  also 
Parietoinsular  vestibular  cortex 
Multiplicative  computation  of  motor  error  in 
quaternion  model,  128 
Multisensory  perception  model,  55, 56 
Muscimol,  143, 147,  151 
Muscle 
extensor,  24 
forelimb,  24 
infraspinalis,  24 

length  and  tension,  contribution  to  model, 
54 

neck,  1 56.  See  also  Neck  muscles 
spindle 

effects  of  microgravity,  100, 101 
response  to  lateral  gravitoinertial  force, 
54 

sensitivity  to  gravitoinertial  force,  100, 
101 

splenius,  biventer  cervicis,  complexus,  225 
sternocleidomastoid,  101 
supraspinalis,  24 
triceps,  24 

MVST.  See  Medial  vestibulospinal  tract 

muscles,  203, 209-213 
anatomical  and  functional  constraints  for 
motor  control,  211 
cat,  216 

comparison  of  actual  and  model  predictions 
for  activation,  210-212 
degrees  of  freedom  in  movement,  209 
dorsal  tonus  is  minimal  in  upright  position, 
230 

electromyographic  responses,  203 
hypotheses  for  selection  of  response  vectors, 
213 

independent  control  of  cervical  joints,  21 1 
muscle  synergies  simplify  motor  coordina¬ 
tion,  213 
receptors,  1 

response  vectors,  209-2 1 3 
as  target  for  vestibular  afferent  inputs  after 
hemilabyrinthectomy,  236 
Neurons,  149, 152 

abducens  neurons  identified  by  antidromic 
stimulation,  207 
accessory  optic  system,  1 70-1 77 
directionally  selective  retinal  ganglion 
cells,  relation  to  semicircular  canals, 
177 

direction  preferences,  170-177 
direction  selectivity,  170-177, 179 
MTN.  See  Medial  terminal  nucleus 
preferred  axes,  1 77 

preferred  excitatory  and  inhibitory  direc¬ 
tions  of  MTN  neurons,  175 
speed  selectivity,  170 
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burst,  145-147, 150,512 
activity  depicted  as  a  vector,  143 
directed,  145 
horizontal,  149 
isoburst  scatter  diagram,  145 
long-lead  burst  neurons,  145 
on-directions,  147 

on-directions  of  cells  producing  vertical 
and  torsional  saccades,  241 
PPRF  on-directions,  152 
riMLF  on-directions,  152 
riMLF  subpopulations,  152 
second  order  vestibular,  152.  See  also 
Semicircular  canals  and  Neurons 
short-lead  (SBN),  142, 145 
coding  velocity  commands,  implica¬ 
tions,  128, 138 

three-dimensional  frequency  tuning,  145 
two-dimensional  frequency  tuning,  145 
unit,  definition,  143 
vertical,  141 

central  vestibular,  otolith  coding  is  vectorial, 
243 

DTN.  See  Dorsal  terminal  nucleus 
inhibitory  interneurons,  group  la,  221 
irregularly  discharging,  53 
MTN.  See  Medial  terminal  nucleus 
nucleus  of  the  optic  tract,  characteristics, 
180-185 

activation  by  spots  of  light,  181, 182 
directional  selectivity,  181 
preferred  directions,  181, 182 
preferred  velocity,  184 
receptive  field  size,  182 
retinal  slip  velocity  of  neurons,  182, 183 
on-directions  of  cells  producing  vertical  and 
torsional  saccades,  241 
parietoinsular  vestibular  cortex  (PIVC), 
187-202 

complex  multimodal  interactions,  197 
input  from 

cortex,  summarized,  200,  201 
efference  copy,  187 
frontal  eye  fields,  199 
mechanoreceptors  of  neck  muscles, 
187,  200 

pulvinar,  200, 201 
retina,  187,  200 

semicircular  canals,  187, 199,  200 
responses  to  vestibular  stimulation, 
193, 194 
sensory,  197 
somatosensory,  197 
tendons  and/or  joints,  187,  200 
thalamus,  192, 199 
visual,  199, 200 

monitor  movement  of  head  in  space,  199, 
200 


neck  receptor  responses,  196, 197 
direction-selective,  197 
origin  in  muscle  spindle  and  tendon 
mechanoreceptors,  196, 197 
NOT  organized  in  planes  parallel  to  semi¬ 
circular  canals,  200 

optokinetic  response,  synergistic  and  an¬ 
tagonistic,  194, 195 
preferred  planes  of  response,  194 
somatosensory  input,  197 
sensory  inputs,  197 
techniques  for  activating,  188, 189 
unrelated  to  saccades,  199 
unresponsiveness  to  static  tilt,  199 
populations  to  generate  eye  movements  in 
three  dimensions,  1 52 
pretectal,  response  to  retinal  disparity,  180 
motion-detection  system,  154, 166 
regularly  discharging,  53 
reticulospinal,  217 
vestibular,  networks,  155, 156 
vestibular  nucleus,  240 
anterior  canal  neurons  projecting  to  ocu¬ 
lomotor  system,  plane  of  activation, 
208, 209 

posterior  canal  neurons  projecting  to  ocu¬ 
lomotor  system,  plane  of  activation, 
209 

related  to  neck  and  eye  muscles,  203 
second-order  neurons  projecting  to  oculo¬ 
motor  system,  intracellular  record¬ 
ings,  207, 208 

vestibular,  response  vectors  to  otolith 
stimuli,  24, 25 

vestibulospinal  neurons,  response  vector 
during  rotation,  212,  21^227 
VTRZ,  170-179 

Newton-Muller-Gudden  Law,  crossing  fibers 
in  optic  nerve,  definition,  1 59 
Noncommutative  multiplication,  for  deter¬ 
mining  saccadic  position,  139 

Nucleus 

of  the  optic  tract  (NOT),  79-81,  89,  90, 
180-186,240 
cells,  182, 184 
electric  stimulation,  79-81 
input  to  parietoinsular  vestibular  cortex, 
200,  201 

responses  of  cells  in  various  species,  180 
vestibular,  24.  See  also  Vestibular  nucleus 
inferior,  24 

lateral,  Deiters,  24, 47 
medial,  47 

neurons  activated  by  tilt  and  roll,  24-27 
representation  of  visual  space,  156-159 
Nystagmus,  2, 29, 47, 48 
after-nystagmus,  2, 74-90 
compensatory,  during  head  tilt,  115-117 
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Nystagmus  (continued) 
dominant  time  constant,  74 
fast  phases,  140-1  S3 
gaze,  108 

gravity  dependence,  7, 74-90 
horizontal,  7, 74-77 
horizontal  from  vertical  canals,  7 
off-vertical  axis  rotation  (OVAR),  7, 96 
optokinetic  after-nystagmus  (OKAN),  74- 
90 

cross-coupling,  horizontal  to  roll,  76-90 
cross-coupling,  horizontal  to  vertical,  76- 
90 

gyroscopic  mechanism,  90 
optokinetic  (OKN),  74-90, 108, 109, 243 
relation  to  nucleus  of  the  optic  tract,  180 
temporo-nasal  symmetry  and  asymmetry, 
180 

torsional,  108, 109 
per-rotatory,  39 
pitch  while  rotating,  7 
postrotatory,  39, 44, 46 
effects  of  weightless  on  time  constant 
(tau),  95-98 

prolonged  when  gravitational  force  is 
increased,  244 
shorter  in  microgravity,  244 
roll.  See  Torsion 

secondary  after-nystagmus,  78-90 
torsional,  6, 76-90, 108, 109, 243 
vertical,  78-90, 243 
vertical  asymmetry,  7 
vestibular,  46, 243 

Ocular  counterrolling,  86,  89, 105-127 
gain  in  humans  and  monkeys,  86,  105-127. 
See  also  Torsion 

roll  in  tertiary  positions  of  gaze,  109 
static  gain,  106 

Oculogyral  illusion,  61.  See  also  Illusion 
Oculomotor  system,  239, 241,  245 
Off-vertical  axis  rotation  (OVAR),  7,  23-25, 
29,  39, 40, 42, 44-48, 88, 89, 96, 243 
OKAN.  See  Optokinetic  after-nystagmus  and 
Nystagmus 

OKN.  See  Optokinetic  nystagmus  and  Nys¬ 
tagmus 

One-dimensional  internal  feedback  models  of 
saccades,  134, 135-138 
One-dimensional  subtractive  feedback  model 
for  saccades,  128, 134-138 
Optic  flow,  excitatory  and  inhibitory  for  neu¬ 
rons  in  MTN  and  VTRZ,  1 17-179 
Optic  nerve,  159, 160 
crossed  fibers,  percentages,  159-161 
Optimal  control  theory,  51-71,  244 
Optimal  estimator,  51-71 


Optokinetic  after-nystagmus  (OKAN),  39, 44, 
46, 47, 74-90. 

cross-coupling,  horizontal  to  roll  and  verti¬ 
cal,  243 

See  also  Nystagmus,  optokinetic  after-nys¬ 
tagmus 

Optokinetic  nystagmus  (OKN),  46, 47, 74-90 
torsional,  108, 109 
See  also  Nystagmus,  optokinetic 
Optokinetic  response  of  vestibular  neurons, 
157-159 

visual  on-directions  of  anterior  and  posterior 
canal  neurons,  1 59 
Optokinetic  system,  154 
Orientation  perception  model,  51.  See  also 
Model 

Orienting  movements 
initiated  from  resting  postures,  223 
privileged  planes  for,  233 
stereotyped,  228 

tectospinal,  tectoreticular  contributions, 
233, 234 

Orthogonality  of  the  canal  system,  239 
Otolith,  1, 21-28, 89, 243 
afferents,  29, 53 
coordinate  system,  22,  52 
firing  rate,  53 

angle  of  utricular  maculae  at  rest  in  verte¬ 
brates,  230 
cell  activation,  35, 45 

influences  on  eye  and  body  movements,  243 
input,  46, 47 
to  the  spinal  cord,  243 
macula,  29,  32, 48 
model,  53 

ocular  reflexes,  88, 89 
organs,  21-27, 29, 31, 46 
unresponsiveness  of  parietoinsular  vestibu¬ 
lar  cortex  to  tilt,  200 
OVAR.  See  Off-vertical  axis  rotation 


X  arabolic  flight,  93-98,  243 
Parallel  commands  to  eyes,  ears,  and  neck 
during  orienting  movements,  233 
Parallel  planes,  principle  of,  239 
Parallel  processing,  48 

Paramedian  pontine  reticular  formation 
(PPRF),  140, 142, 147, 149 
coding  principle,  152 
on-directions  of  neurons,  152 
Parietal  cortex,  240 

Parietoinsular  vestibular  cortex  (PIVC),  187- 
202 

connections  to  other  regions  of  brain,  192, 
193 

homology  to  anterior  suprasylvian  sulcus  of 
cat,  188 
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human,  187 
localization,  190-192 
monkey,  187-202 
prefrontal  cortex,  192, 199 
projection  to  superior  colliculus,  192, 199 
vestibular  input,  192, 199 
Pattern  velocity  estimation 
estimator,  43, 44, 46, 47 
formula,  40 
Pendulum 

inverted,  head  as,  54,  SS 
torsion,  S3 
Perception 
motion,  244 

multisensory  model,  55, 56 
Perceptual  phenomena,  244 
Periprimary  range,  5 
Per-rotatory  nystagmus,  39 
Phylogeny,  of  vestibulo-ocular  reflex,  159, 
161,165 

Physical  space,  representation  in  central  ner¬ 
vous  system,  1 54 

Pitch 

axis,  definition,  21 
bias  in  coding 

during  ofT-vertical  axis  rotation,  24 
roll  over  pitch,  24-27 
neural  populations  coding  pitch  vs.  roll,  23 
while  rotating,  7, 46 

PIVC.  See  Parietoinsular  vestibular  cortex 
Plane,  earth- horizontal,  21 
Plane  of  head  movement  parallels  plane  of 
activated  canal,  216 

Planes  of  eye  muscles  and  semicircular  canals, 
241 

Plugging,  semicircular  canals,  24-27 
Polarization  vector,  22, 23, 31-35 
functional,  22 
hair  cell,  22, 23 
Posterior  canal,  208 

Postrotatory  illusion  of  motion,  passive  vs. 
active,  102, 103 

Postrotatory  nystagmus,  39, 44, 46 
Postural  mechanism,  antigravity,  21 
Posture 

as  a  determinant  of  rotation  of  articulations 
in  cervical  column,  233 
facilitating  orientation,  230 
hemilabyrinthectomy,  228, 234-236 
underlying  eye-head  coordination,  228-237 
PPRF.  See  Paramedian  pontine  reticular  for¬ 
mation 

Preferred  direction,  NOT  neurons,  180-185 
Preferred  velocity,  NOT  neurons,  184 
Prefrontal  cortex,  input  to  parietoinsular  vesti¬ 
bular  cortex,  192, 199 


Pretectum,  180. 

neuronal  responses  to  visual  stimuli  in  three- 
dimensional  space,  180 
See  also  Nucleus,  of  the  optic  tract 
Principal  component  analysis,  13 
Principle  of  parallel  planes,  239 
Projections  of  canals  to  neck  motoneurons, 
226 

Proprioception,  54,  240,  244 
effects  on  perception  of  hand  and  body 
motion,  101 
neck,  101 

Purkinje,  J.,  102, 103 

^^uadripedal  gait,  242 
Quadripc^l  stance  of  cats,  27 
Quaternions,  128-139 
angular  velocity  vectors,  coordinate  system, 
129 

definition,  128, 139 
eye  velocity  vectors,  139 
four-component  rotational  operators,  128 
model  of  the  saccadic  system,  128, 135, 138 
multiplicative  computation  of  motor  er¬ 
ror,  128 
plot,  136 

technique  for  computing  eye  position  qua¬ 
ternions,  129 

vector  of  eye  position,  related  to  Listing’s 
plane,  130 

Rabbit,  74, 170-172,  177, 178, 240 
freeze  position,  171 

Range  of  motion  of  cervical  articulations  in 
guinea  pig,  230-234 

Rapid  eye  movement,  149.  See  also  Saccades 
Reaflerence  hypothesis,  102 
Reference  axes  for  coding  head  velocity,  239 
Reference  frame,  head-fixed,  1 1 
Reflexes,  tilt,  24-27 

Representation  of  movement  in  three  dimen¬ 
sions,  239 

Response  vectors  of  eye  and  neck  muscles, 
203-213.  See  also  Vector 
Resting  posture  of  vertebrates,  228-230 
orienting  movements  initiated  from,  233 
Reticulospinal  (RS)  neurons,  217 
Retina,  two-dimensional  mapping  of  the  visual 
world,  241 

Retinal  disparity,  lack  of  in  NOT  cells  of 
monkeys,  180, 184 
Retinal  ganglion  cells,  177, 179 
Retinal  slip,  as  input  to  model,  75 
Retinal  slip  velocity,  sensitivity  of  NOT  neu¬ 
rons,  182, 183 
Rexed’s  laminae,  219-226 
Rhesus  monkey.  See  Monkey,  rhesus 
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Right  hand  rule,  12, 80,  82,  83, 207 
velocity  vector  of  saccades,  128-130 
riMLF.  See  Rostral  interstitial  nucleus  of  the 
medial  longitudinal  fasciculus 
Robinson,  scleral  search  coil,  106 
Roll 

axis,  definition,  21 
bias  in  coding  over  pitch,  24-27 
component  of  eye  movement  in  humans, 
105-127,241 

neural  populations  coding  roll  vs.  pitch,  23 
(table) 
plane,  88 
See  also  Torsion 

Rostral  interstitial  nucleus  of  the  medial  longi¬ 
tudinal  fasciculus  (riMLF),  140-147, 
149-152 

inactivation  with  muscimol,  147 
Rostral  mesencephalon,  242 
Rotation 
axes 

earth-horizontal,  18 
earth-vertical,  18 

of  head,  eyes,  and  ear  are  colinear  and 
parallel  to  gravity,  230 
of  saccades,  128-139 
tilted  out  of  Listing’s  plane,  1 32-1 35 
See  also  Saccades 
to  study  VOR  and  VCR,  205,  21 1 
barbecue  spit,  7,  33 

Saccades,  112, 121-122, 140,  242 
are  not  two-dimensional,  139 
deviation  of  rotational  axes  from  Listing’s 
plane,  132 

generation  in  three-dimensions,  140-153 
rotation  axes,  128-139 
three  dimensions  of  rotation  axes,  128 
torsional  component,  130,  131-135,  138, 
241 

trajectories,  131, 132 
vectors,  128-130, 140, 143, 144, 147,  151 
vertical,  in  rostral  mesencephalon,  241 
Saccadic  eye  velocity  command,  128, 138 
Saccule,  21-23, 31 
plane  of,  21 

SBN.  See  Neurons,  burst,  short-lead 
Scalloping  movement  illusion,  99-102 
Self-motion,  170, 177, 179 
possible  sites  of  detection  in  three  dimen¬ 
sions,  177 

Self-rotation  estimation,  51-71 
Semicircular  canals,  10-19,  24,  29,  141,  150, 
154-156,  161,  164-166,  171,  177, 
179,  204,  206-208,  211-213,  239, 
241,244 

activation  vectors  in  the  sagittal  plane,  142 


adaptation,  53 
aiferent  activity,  10 
alignment 

of  canal  planes  and  eye-muscle  pulling 
directions,  203, 204 
with  eye-muscle  pulling  planes,  152 
anterior  canal,  10-19 
angle  of  plane,  18, 19 

coding  three  mutually  orthogonal  vectors, 
239 

common  crus,  16 
coordinates,  1-3,  5, 10, 21,  52 
coordinate  systems,  10, 1 1, 239, 242 
cosine  function,  17 
damped  torsion  pendulum,  53 
dynamics,  mechanical  and  afferent,  53 
firing  rate  of  afferents,  53 
geometric  relation  to  retinal  ganglion  cells 
and  accessory  optic  system,  177-179 
geometry,  1,  5, 10, 154, 155, 239 
influence  on  processing  of  sensory  input  in 
visual  and  somatosensory  systems, 
245 

inputs  to  VCR  in  the  cat,  211 
irregularly  discharging  neurons,  53 
left  anterior-right  posterior  (LA-RP)  plane 
3, 6, 242 

functional  plane,  17, 18 
null  point,  17 

lateral  semicircular  canals,  18, 19, 239, 240, 
242 

angle  of  plane,  18, 19 
oriented  close  to  movement  plane  at  rest, 
230 

pitch  at  rest,  230 

matrix  and  tensorial  models  of  canal-eye 
muscle  geometry,  204 
model,  53, 71 

Money-Scott  technique  for  plugging,  1 ,  3 
orientation,  2,  5, 10,  21 
orientation  of  vertical  canals  in  rabbit  in 
“freeze  position,”  171 
orthogonality  of,  1,  5 
otolith  reflexes  with  intact,  20-27 
parietoinsular  vestibular  cortex,  187-202 
unrelated  response  planes,  200 
planes  in  rhesus  monkey,  10-19 
planes  of,  32 
plugging,  1, 3, 23, 24 
Money-Scott  technique,  1 
posterior  canal,  10-19, 152 
angle  of  plane,  18, 19 
push-pull  pairs,  14, 16 
regularly  discharging  neurons,  53 
right  anterior-left  posterior  (RA-LP)  plane, 
3, 6,  242 

three-dimensional  motion  detectors,  154 
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vertical,  46, 140, 147, 152 
orientation  in  rabbit  in  “freeze  position,” 
171 

visual  receptive  fields  of  second-order  canal 
neurons,  157 

Sensitivity  vectors,  10-19.  See  also  Semicircu¬ 
lar  canals  and  Vectors 
definition,  10, 12 
tables  of  canal  vectors,  14 
Sensory  motor  transformations,  visual,  ves¬ 
tibular,  oculomotor,  166 
Short-lead  burst  neurons.  See  Neurons,  burst, 
short-lead 

Signals  represented  in  the  vestibular  system, 
244 

Sinusoidal  rotation  to  study  vestibulo-ocular 
connections,  204-207, 210, 211, 213 
Skeletal  geometry,  including  use  of  cineradi¬ 
ography  for  measurement  of  posture, 
228-238 

Skylab 

astronauts,  93, 95 
M-131  experiment,  93, 99 
Slow-phase  eye  velocity,  41, 45 
Space  flight,  89, 243-244, 245 
Space  motion  sickness,  89 
Spatial  focusing,  to  otolith  stimulation,  27 
Spatial  horizontal  plane,  243 
Spatial  organization  of  VOR  connections,  203 
Spatial  recalibration  due  to  changes  in  head- 
in-space  position,  187 

Spatial  transformation  of  activity  from  semi¬ 
circular  canals  to  eye  muscles,  203 
Spatial  vertical  plane,  243 
Spinal  accessory  nucleus,  223 
Spinal  cord,  24,  216, 221 

anterior  commisure,  crossing  of  LVST 
axons,  220 

do  long-descending  motor  tract  axons  exert 
their  effects  only  at  one  segment  lev¬ 
el?  226 

Spinal  interneurons,  roll  and  pitch  responses, 
24-27 

Static  tilt  illusion,  244 
Statoacoustic  nerve.  See  Vestibular  nerve 
Stereotaxic  planes 
coronal,  binaural,  1 1 
horizontal,  11, 12,  14 
Horsley-Clark,  11, 12, 14, 16 
midsagittal,  11, 12 
vertical,  21 

Stereotyped  resting  posture  in  vertebrate  spe¬ 
cies,  228 

is  energy  efficient,  230 
Subcortical  visual  system,  79,  240 
of  primates,  240 
of  the  rabbit,  240 


Superior  colliculus,  152,  242 
Synaptic  contacts  of  LVST  axons,  223 
Synergies,  muscle,  to  simplify  motor  coordina¬ 
tion,  213 

Tactile  contribution  to  perception  of  motion, 
54-56, 64 
Tactile  model,  54 

Tectospinal,  tectoreticular  neurons,  contribu¬ 
tion  to  orienting  movements,  233 
Template  matching,  34, 36, 45, 48 
Template  pattern,  36, 45, 46,  48 
Terminal  arborizations  of  LVST  axons,  medial 
type,  219 

Terminal  boutons  of  LVST  axons,  222 
Termination  of  secondary  vestibular  neurons 
in  the  cervical  spinal  cord,  242 
Tertiary  positions  of  gaze,  torsion,  109-1 1 1 
Thalamic  input  to  parietoinsular  vestibular 
cortex,  192, 199 
Thoracic  vertebrae 

contribution  to  flexion  and  rotation  of  head, 
230-234 

rotation  after  hemilabyrinthectomy,  234, 
235 

Three-dimensional  framework  for  the  oculo¬ 
motor  system,  241 

Three-dimensional  gaze  behavior  during  tor¬ 
sional  pursuit,  1 13, 1 14 
Three-dimensional  multiplicative  feedback 
quaternion  model,  1 34 

Three-dimensional  organization  of  human 
gaze,  105-127 

Three-dimensional  reconstruction  of  vestibu¬ 
lospinal  neurons,  217 
Three-dimensional  representation 
body  position  in  space,  93, 102 
eye  position,  128 

Three-dimensional  rotation  of  eyes,  139 
Three-dimensional  rotations  of  eyes  combined 
by  noncommutative  muliplication, 
139 

Three-dimensional  subtractive  feedback  qua¬ 
ternion  model,  134 
Tilt 

discrimination,  124 
illusion,  63, 67 
illusion  in  fore-aft  axis,  63 
reflexes,  24-27 
suppression,  46 

Torsional  component  of  saccades,  241 

deviation  of  saccades  from  Listing’s  plane, 
131-135 

from  quaternions,  130, 132, 134, 135, 138 
Torsion,  ocular,  105-127,  141,  142,  144,  145, 
147-152 

characteristics  of  human,  105-127 
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Torsion,  ocular  (continued) 
difficulty  in  recording,  105 
direction,  148 

drift  in  primary  position,  107, 108 
dynamic  counterrolling,  115-117 
dependence  on  semicircular  canal  stimu¬ 
lation,  115 

gain  of  static  occular  counterrolling,  106 
gaze  nystagmus,  108 
hysteresis,  1 1 3 
integrator,  147 

ipsilateral  deficits  after  unilateral  rostral 
midbrain  lesions,  241 

and  Listing’s  Law  in  tertiary  positions  of 
gaze,  109-111 
mechanical  limits,  122 
nystagmus,  compensatory  during  head  tilt, 
115-117 

optokinetic  nystagmus,  108, 109 
quadrant,  145 

recording  technique,  105-107 
saccades,  112, 121-122 
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Torsion  pendulum,  53 

Translational  kinematics,  inadequate  for  de¬ 
scribing  oculomotor  system,  139 
Traveling  wave  pattern,  32, 48 
Two-dimensional  organization  of  human  gaze, 
105 

Two-dimensional  role  of  counterroll,  123 

Utricle,  21-23,  31, 33 
maculae,  angle  at  rest,  230 

V  CR.  See  Vestibulocollic  reflex 
Vection 

circularvection,  53, 60-62, 64, 66, 67 
definition,  53 

linearvection,  53, 64, 66,  244 
Vectorial  coding,  otolith  neurons,  23-27 
Vectorial  representation  of  eye-  and  neck- 
muscle  pulling  directions,  203-215 
Vectors,  130 

angular  eye  velocity  vector,  16 
according  to  right  hand  rule,  129 
have  three  degrees  of  freedom,  139 
averaged  for  semicircular  canals,  19 
canal-based  coordinate  frame  in  the  vestibu¬ 
lar  nuclei,  242 

coding  properties,  spinal  intemeurons,  25, 
26 

conflict,  67 
direction  coding,  23 
eigen,  88 
excitation,  35 


eye  velocity  during  OKN  and  OKAN,  80- 
84,90 

eye  velocity  vectors  from  quaternion  model, 
139 

functional  polarization,  definition,  22 
moment  unit,  of  the  extraocular  muscles, 
142 

morphological  polarization  vectors  of  hair 
cells,  22, 23 

response  of  central  vestibular  neurons,  24 
response  of  eye  muscles,  207 
response  of  neck  muscles,  210 
saccade,  128-130, 140, 143,  144, 147,  151 
sensitivity,  10-19 
spatial  distribution,  22 
three-dimensional  rotation,  140 
torsional,  29 

unit  for  semicircular  canals,  12, 19, 140 
vestibulospinal  response  to  otolith  stimuli, 
25 

Velocity,  angular  head,  vector,  10 
Velocity  estimation,  243 
Velocity  estimator.  See  Pattern  velocity  esti¬ 
mation 

Velocity  storage,  51, 60 
gravitational  effects,  74-90 
gyroscopic  action,  243 
integrator,  41, 43-46, 74-90 
input  from  NOT  neurons,  185 
one-dimensional  model,  75 
three-dimensional  model,  75 
in  weightlessness,  96-99 
Ventral  funiculus,  219, 221 
Ventromedial  nucleus,  223 
Vertebrate  labyrinth,  154, 155, 161 
Vertebrates,  154 

Vertical  and  roll  optokinetic  and  vestibular 
nystagmus,  243 

Vertical  eye  muscles,  convergent  input  from 
semicircular  canals,  206 
Vertical  saccades  in  the  rostral  mesencepha¬ 
lon,  241 

Vertical  semicircular  canal  input  to  vertical 
and  horizontal  eye  muscles,  206 
Vestibular  apparatus,  21 
Vestibular  cortex 
diagram,  190, 191 
human,  188 
monkey,  187-202 

See  also  Parietoinsular  vestibular  cortex 
Vestibular  model,  53,  57,  58, 64, 66 
Vestibular  nerve,  23 

regularly  and  irregularly  discharging  neu¬ 
rons,  53 
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